Introduction
The pancreas is a mixed gland composed of endocrine and exocrine tissues. The endocrine fraction contains the islets of Langerhans, which include ␤ cells, ␣ cells, ␦ cells, and PP cells that produce insulin, glucagon, somatostatin and pancreatic polypeptide, respectively. The exocrine fraction contains the acinar cells that release the digestive enzymes and the ductal cells. Diabetes mellitus arises from an inadequate mass of ␤ cells leading to hyperglycemia and a number of complications. Given the importance of ␤ cells to regulate the glycemia, many studies have focused on the development of ␤ cells [1, 2] . The recent discoveries in this field should help defining protocols to derive ␤ cells in vitro and to progress towards a cell-based therapy of type 1 diabetes. The embryonic pancreas originates from the evagination of the endoderm both ventrally and dorsally. The two pancreatic buds will grow and fuse later to form a unique organ. During the last decades, the genetic network that controls pancreatic development has been well described ( fig. 1 ) [3, 4] . The pancreatic and duodenal homeobox 1 transcription factor (Pdx1) is expressed in all the pancreatic epithelial precursor cells. The deletion of Pdx1 in knockout animals led to a complete agenesis of the pancreas [5] , showing the major importance of this factor. In humans, the homozygous mutation of a single nucleotide in Pdx 1 also resulted in the absence of the pancreas [6] , showing that the role of Pdx 1 is conserved between species. Other factors, the bHLH factors Ptf1a, Hlxb9, and Isl1 are involved in the first steps of pancreas development. While p48-Ptf1a and Mist1 control exocrine development, Hlxb9 and Isl1 are implicated in the initiation of the development of the dorsal pancreas [5, [7] [8] [9] . The transcription factor neurogenin 3 ( Ngn 3) is expressed after Pdx 1 during development, in the cells that are committed to the endocrine lineages. The lack of Ngn 3 in mice resulted in absence of endocrine differentiation [10] . Mellitzer et al. [11] showed that insulinoma-associated 1 (IA1), a zinc-finger containing factor, is activated by Ngn3 and controls endocrine development through the activation of a bHLH-containing factor, NeuroD1 (BETA2) [10] [11] [12] . In contrast to Ngn3-deficient mice, endocrine cells are present in NeuroD1 knockout mice, but they undergo massive apoptosis [10, 12] . Pax4, a paired-box encoding gene, is expressed in the Ngn3-expressing cells and is activated by Ngn3 [13] . Mice lacking Pax4 do not develop ␤ or ␦ cells [14] . Collombat el al. [15] showed that Arx, a member of the paired-like encoding gene family, and Pax4 are mutually antagonistically regulated. Pax4 favors ␤ -and ␦ -cell commitment while Arx favors ␣ -cell commitment [15] . MafA and MafB belong to the large Maf family of leucine zipper (bZIP) transcription factors. Nishimura et al. [16] showed that ␣ -and ␤ -cell differentiation occurs from a precursor expressing MafB. Their results suggest that differentiation of ␤ cells proceeds through a MafB+MafA-Ins+ intermediate cell to MafB-MafA+Ins+ cells. The expression pattern of MafB reveals a role of MafB in both ␣ -and ␤ -cell development. Other factors, like the POU homeobox transcription factor 4 brain4/POU3F4, are expressed in glucagon-expressing cells. Some Brn4+ cells co-express Pax6 and Isl1. Later, its expression is restricted to ␣ cells, suggesting that Brn4 is a marker of the ␣ cells' progenitors [17] . Nkx2.2, Nkx6.1 and Nkx6.2 belong to the NKX protein family. They are involved in endocrine development [18, 19] . Nkx2.2 is expressed in the progenitors during early development and becomes restricted to some Ngn3-positive cells during embryogenesis and next to ␣ , ␤ , and PP cells. In Nkx2.2 mutant mice, ␤ cells are absent and numbers of ␣ and PP cells are decreased [18, 19] . Nkx6.1 is first expressed in the pancreatic epithelium at E10.5. Next its expression is restricted to the Ngn3-expressing cells, and is found later exclusively in the adult ␤ cells [19] . Nkx6.2 is expressed in the undifferentiated epithelium and is restricted to acinar and ␣ cells at E15.5, but is excluded from Ngn3-positive cells [19] . Inactivation of Nkx6.1 leads to reduced ␤ -cell mass [20] . In the absence of Nkx6.2, the development of the pancreas remains normal. However, Nkx6.1-/-Nkx6.2-/-mice display reduced numbers of ␤ and ␣ cells [20] , showing the importance of Nkx6.2. In order to compare the role of transcription factors in rodents and human, Lyttle et al. [21] analyzed the transcriptome of the human fetal pancreas at different stages. In the human fetal pancreas, Ngn3 is expressed in early development. Q-PCR analyses showed a decrease of Ngn3 expression as development progressed from 8 to 21 weeks. Moreover, microarray experiments revealed that Isl1, NeuroD1, MafB, and Pax6 were significantly increased during human fetal pancreas development whereas Pax4, Nkx2.2, and Nkx6.1 were expressed but remained constant [21] . Recently, microarray analysis has investigated the genes expressed in E15.5 eYFP-Ngn3-positive cells versus Ngn3-negative cells. Interestingly, the Rfx6 factor, which belongs to the Rfx transcription factor family, was enriched in the Ngn3-positive cells [22] . Rfx6 is expressed in Pdx1- Rfx f f 6 P a a P P P P P P Pt t tf a a a a P P M t P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P 
M M M M Mi i is s st t t t t Mist M M Mi ist t t
Ptf1a P P Pt t tf t tf f1 1 1a a a t t t t Mist M M Mi i is s st t t P P Pt t P P P Pt t t t t t t t tf f t t tf f t tf f f f f f f1 f f1 1 1 1 1 expressing cells within the pancreatic buds and becomes restricted to the endocrine cell types [22] . Expression of Rfx6 was unaffected in Arx-, Pax4-, and NeuroD1-deficient mice, suggesting that Rfx6 acts downstream of Ngn3 and upstream of Arx, Pax4 and NeuroD1 [22] . Interestingly, mice lacking Rfx6 failed to generate any of the normal islet cell types except for the pancreatic polypetideproducing cells [23] . In human infants with a similar autosomal recessive syndrome of neonatal diabetes, genetic mapping and subsequent sequencing identified mutations in the human Rfx6 gene [23] . Another gene of the same family, Rfx3, is expressed in the Ngn3-positive cells, and is found in the developing and mature islet cells. Rfx3 is involved in the growth and function of cilia. Before birth, Rfx3-/-islets contain reduced numbers of ␣ and ␤ cells whereas the number of PP cells is increased. In adult mice, the lack of Rfx3 leads to small and disorganized islets, with reduced insulin production and impaired glucose tolerance [24] . These data underline the sequential intervention of the transcription factors during the decisions of cell commitment in the pancreas development.
M Mi i i i i i i i s s s s s s s s s s s s s s s s s st t t s s s st t t t t t t t t t t t t t t t t t t t t t t t t t t t t t
The complexity of the genetic network is modulated by the signals provided by the surrounding tissues and also by environmental parameters. The roles of notochord, blood vessels and epithelio-mesenchymal interactions in pancreas development were previously documented [25] [26] [27] [28] . Mechanical stresses generated by cell growth also participate to organogenesis [29] . In this review, we focus on the roles of nutrients [30] and oxygen.
Role of Nutrients
Low birth weight is an important risk for type 2 diabetes in later life. Both maternal environment and the fetal genome influence the number and function of the ␤ cells in early life and this has lifelong implications for postnatal diabetes [31] . During the past decade, numerous studies have focused on the role of nutrients on pancreas development [32] [33] [34] [35] [36] [37] [38] . Indeed, adverse events that include modifications of the diet during early life may affect the growth of different organs and cause metabolic disorders in later life. Recently, Dumortier et al. [35] exposed pregnant rats to low protein or low energy diet during different windows of gestation. The low energy diet decreased the ␤ -cell mass in 21-day-old fetuses by 33 or 56% when administered during the last week or throughout gestation, respectively. Fetal corticosterone was increased. The poor development of ␤ -cell mass was correlated with a decrease of the number of NGN3-and Pdx1-expressing cells, showing an effect of this diet on neogenesis. The low protein diet also induced a reduction of the ␤ -cell mass but this effect was more pronounced when applied during the last week of gestation (-53%) than throughout gestation (-33%). This diet altered ␤ -cell proliferation and islet vascularization but not the expression of NGN3 or PDX1 [35] .
Altogether, these data demonstrate that the diet controls ␤ -cell development. One explanation for the effects of the low energy diet could be the increase of corticosterone. Indeed, previous studies showed that overexposure to glucocorticoids in utero mediates the effects of undernutrition on the ␤ -cell mass [39] . Exposure of pregnant rats to low protein diet also causes impaired glucose homeostasis in the young adult offspring [40] . Dietary insult in early life is thus able to affect the development and future function of the endocrine pancreas. Surprisingly, the diet during gestation can also influence the onset of type 1 diabetes. When non-obese diabetic mice were exposed to low protein diet during early life, the onset of diabetes was delayed [41] . Indeed, low protein diet throughout gestation led to decreased levels of cytotoxic cytokines and reduced insulitis. In females, low protein diet was also associated with a reduction of the number and size of the pancreatic islets, lower insulin pancreatic content and lower serum insulin. However, the ability of low protein diet to delay the onset of diabetes was sex-independent. The mechanism by which low protein diet delays the onset of diabetes is likely to involve both immune alterations and changes in ␤ -cell development [41] . A human correlate of such observation could be the lower incidence of type 1 diabetes seen in individuals born of low birth weight or subjected to nutritional deficiencies [42, 43] .
More recently, Guillemain et al. [44, 45] also examined the effects of glucose levels in endocrine differentiation. They found that glucose interferes with the pancreatic endocrine cells development by regulating the transition between Ngn 3 and Neuro D [45] . Moreover, glucose activates ␤ -cell development in vitro in a dose-dependent manner [45] . Altogether, these data should increase our control on the regimens during pregnancy that could impact on the occurrence of type 1 and type 2 diabetes.
Oxygen and ␤ -Cell Development
At low oxygen tension (pO 2 ), cells undergo adaptative changes, including increased angiogenesis and erythropoiesis, and a switch to glycolytic metabolism. The cellular response to hypoxia is tightly controlled by the hypoxiainducible factor (HIF) complex. HIF is regulated in an O 2 -dependent manner by hydroxylation of one of the three HIF ␣ subunits (HIF1 ␣ , HIF2 ␣ , HIF3 ␣ ). In normoxia, hydroxylation of the proline HIF1 ␣ residues by prolyl hydroxylases (PHD) leads to recognition and polyubiq uitinylation by the von Hippel-Lindau (VHL) E3 ligase complex, leading to proteasomal degradation of HIF1 ␣ . On the other hand, in the hypoxic state, prolyl hydroxylase activity is decreased and HIF1 ␣ is stabilized. During embryogenesis, cell oxygenation levels vary widely. In general, pO 2 occurs naturally at low levels in the embryos. Partial pressure of oxygen is generally detected in the tissues in a range from 2 to 9% of the atmospheric pressure, and is even lower levels in tissues such as kidney medulla, bone marrow or thymus [46] . Recent investigations of the role of hypoxia and HIF1 ␣ during development of several organs showed that hypoxia decreases the differentiation of neural precursor cells, myogenic cells, adipocytes, and endothelial cells in a HIF1 ␣ -dependent manner. In the pancreas, recent studies have indicated that HIF1 ␣ has a role in the secretion of insulin in response to glucose [47] [48] [49] . However, the role of HIF1 ␣ in the early steps of ␤ -cell development remain to be investigated.
Recently, we described the expression pattern of HIF1 ␣ in the rat pancreas. At early stages of embryogenesis (E11.5-E13.5), HIF1 ␣ was found in the precursor cells that expressed PDX1. Later, HIF1 ␣ protein expression decreased and was not expressed in the differentiated endocrine cells [50] . HIF2 ␣ was absent in the embryonic pancreas. In order to define the role of the partial pressure of oxygen in ␤ -cell differentiation, we compared cultures of pancreases in hypoxia versus normoxia. When compared to normoxia, we found that hypoxia induced the stabilization of HIF1 ␣ , a dramatic reduction of Ngn 3 expression as well as a reduced ␤ -cell differentiation [50] . To determine the exact role of HIF1 ␣ in ␤ -cell differentiation, we forced HIF1 ␣ stabilization by using PHD inhibitors. This treatment mimicked the effects of hypoxia on pancreas development. Indeed, upon PHD inhibition, Ngn 3 expression and ␤ -cell differentiation were reduced as compared to controls. Interestingly, this effect was mediated by a HIF1 ␣ -dependent Notch pathway ( fig. 2 ) [50] . The interaction between the oxygen (HIF1 ␣ ) pathway and the Notch pathway also occurs during neural and myogenic differentiation [51] . Similarly, in the endothelial progenitors, hypoxia induces the Notch pathway by activating the Dll4-Notch-Hey2 pathway and also represses the expression of the differentiation marker COUPTFII [52] , suggesting that a more general mechanism could be involved.
Altogether, these data demonstrate that hypoxia is a limiting parameter for ␤ -cell development. Other laboratories using different culture systems also reported the importance of oxygen for pancreas development [53, 54] . Indeed, Fraker et al. found that enhanced oxygenation of the tissues in vitro could promote ␤ -cell differentiation. Such findings support our hypothesis. Moreover, in the limb bud, the condensation of mesenchyme is similar to the anatomy of the embryonic pancreas and this condensation generates hypoxia that leads to HIF stabilization. The central role of HIF1 ␣ limb development was recently demonstrated in knockout animals [55] , indicating that hypoxia has a physiological role in several organs including the pancreas during embryogenesis.
HIF and the ␤ -Cell Function
The HIF complex is an ␣ / ␤ heterodimer. Although HIF1 ␣ is sensitive to the level of oxygen, HIF1 ␤ , also called ARNT, is constitutively expressed. The possible role of ARNT in the ␤ cells was examined. ␤ -Cell specific knockout of ARNT in mice led to abnormal glucose tolerance and impaired insulin secretion [56] . Interestingly, microarrays analysis in pancreatic islets from type 2 diabetic patients showed a 90% reduction of ARNT when compared to human glucose tolerant islets, showing that in addition to its physiological role, ARNT may be involved in the pathogenesis of type 2 diabetes [56] .
The VHL protein controls the degradation of HIF1 ␣ . In mice lacking VHL in ␤ cells, HIF1 ␣ was stabilized in the islets, and a defect of glucose-stimulated insulin se- Representative model of the effects of oxygen (pO 2 ) on ␤ -cell differentiation. In the presence of high levels of oxygen, the PHD are active, HIF1 ␣ is modified. Next, HIF1 ␣ is degraded by the proteasome. Expression of Ngn 3 precedes the differentiation of ␤ cells. In hypoxia, PHD activity is reduced and HIF1 ␣ is stabilized. The Notch pathway is activated, Ngn 3 expression is repressed and ␤ cells develop poorly.
cretion was observed [47] [48] [49] . The deletion of HIF1 ␣ in ␤ cells restored a normal insulin secretion in response to glucose in these mice, indicating that the abnormal glucose homeostasis was dependent on HIF1 ␣ upregulation [47] . HIF1 ␣ induces the expression of the high-affinity glucose transporter GLUT1 and glycolytic enzymes, and decreases mitochondrial oxygen consumption [57] . Since glucose uptake, glycolysis and mitochondrial respiration have a major role in glucose sensing, these effects of the HIF pathway might be involved in the impaired stimulated insulin secretion that occurs in the VHL knockout mice. Interestingly, Cantley et al. [47] found that islets lacking VHL in the ␤ cells have impaired glucose uptake, altered mitochondrial metabolism, and the glucose-stimulated flux of Ca 2+ was attenuated as compared to controls, supporting this hypothesis. Altogether, these data demonstrate that the oxygen (HIF) pathway plays an important role in ␤ cells, and can impact on their function when hypoxia occurs.
In conclusion, recent data shed light on the roles of environmental factors, as nutrients and oxygen, on the development and the function of ␤ cells. We think that understanding the cellular and molecular mechanisms that control endocrine differentiation should help to generate ␤ cells in vitro and to improve the protocols for a cellbased therapy of type 1 diabetes. Moreover, an association of HIF1 ␣ gene polymorphism with type 1 and type 2 diabetes was discovered recently [58] . The characterization of the role of oxygen/HIF in diabetes should render possible the use of molecules that interfere with this pathway and facilitates the function of ␤ cells.
